The n-type thermoelectric properties of PCBM are investigated for different solution-based doping methods. We introduce a novel inverse-sequential doping method where the semiconductor (PCBM) is deposited on a previously cast dopant (N-DPBI) film to achieve a very high power factor PF ≈ 35 µW m -1 ·K -2 with a conductivity σ ≈ 40 S/m. We show that also n-type organic semiconductors obey the -1/4 power law relation between Seebeck coefficient S and σ that was previously found for p-type materials. An analytical model on basis of variable range hopping unifies these results. The power law for n-type materials is shifted towards higher conductivities by 2 orders of magnitude w.r.t. that of p-type, suggesting strongly that n-type organic semiconductors can eventually become superior to their p-type counterparts. Adding a small fraction lower-LUMO material (NDI-CN) into PCBM leads to a higher S for inverse-sequential doping but not for bulk doping due to different morphologies.
Thermoelectric generators (TEG) turn temperature differences, as e.g. generated by waste heat, directly to electricity. Organic thermoelectrics (OTE) are considered by many to be a promising candidate material system to be used in lower cost and higher efficiency energy conversion. [1] An optimal TEG needs legs of both p-type and n-type thermoelectric materials that are connected electrically in series and thermally in parallel.
Recently, a lot of work has been reported on p-type thermoelectric organic semiconductors (OSC) [2] [3] [4] [5] [6] , e.g. achieving a highest power factor PF over 300 µW/m·K -2 with a thermoelectric figure of merit ZT  0.25 based on PEDOT derivatives. [5] Compared to p-type OTE, the development of n-type thermoelectric materials is lagging behind, which can be attributed to the absence of an n-type equivalent of PEDOT, the overall scarcity of n-type OSC and the inefficiency of most n-type dopants. Since most good OSC that are used as n-type materials like PCBM and N2200 have a LUMO around -4.0 eV [7, 8] , it is very difficult to realize a stable dopant with a HOMO above -4.0 eV as would be required for efficient electron transfer.
Fortunately, Wei et al. have reported a promising material, (4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl) dimethylamine (N-DMBI) that can be used as stable n-type dopant due to a two-step thermally activated doping mechanism. [9] Very recently, Huang et al.
used this dopant to achieve record values for PF = 105 µW/m·K -2 and ZT = 0.11 at room temperature for the small molecule A-DCV-DPPTT. [10] Some reports also have demonstrated that dihydro-1H-benzoimidazol-2-yl (N-DBI) derivatives can improve the electrical conductivity by several orders of magnitude in n-type OTE by solution-processing. E.g.
Schlitz et al. have shown that solution mixtures of P(NDIOD-T2) with 9 mol.% N-DBI
derivatives can achieve σ ≈ 1 S/m and a PF over 0.6 µW/m·K -2 . [11] Yuan et al. reported a small-molecule 2DQTT-o-OD that, with 10 wt.% of a novel N-DBI derivative incorporated in solution, acquires a PF of 17.2 µW/m·K -2 at room temperature. [12] Shi et al. achieved a high electron mobility in FBDPPV with σ ≈ 1400 S/m and PF ≈ 28 µW/m·K -2 , when adding around 5 wt.% N-DMBI in solution. [13] Despite the positive effect of N-DMBI and N-DBI derivatives on electrical conductivity, it probably fails to further increase σ and PF upon further increasing the volume fraction in solution mixtures due to degradation of the blend morphology. [14] Liu et al. demonstrated a modified fullerene derivative, PTEG-1, that shows an increased miscibility at the nanoscale level and thereby achieved a PF of 16.7 µW/m·K -2 with σ ≈ 205 S/m at 40 mol.% of N-DMBI. [15] For p-type OTE, most reported experimental data seem to follow an empirical quasi-universal power law relationship between the Seebeck coefficient S and conductivity as ∝ −1/4 . [2, 3] In view of the limited number of reported data, it is still unclear whether n-type OTE also follow this power law, and different power law slopes have been reported. [15, 16] Here, we introduce a novel, inverse-sequential doping procedure that mitigates the need for solvent orthogonality in conventional sequential doping to investigate the potential of n-type OTE by studying the most common n-type OSC, PCBM, doped with an N-DBI derivative.
We obtain a very high n-type PF ≈ 35 µW/m·K -2 , with a σ ≈ 40 S/m using inverse-sequential doping vs. PF ≈ 3 µW/m·K -2 and σ ≈ 6 S/m using conventional bulk doping. We unify the behavior of n-type and p-type solution processed OTE by demonstrating that also n-type OTE follow the -1/4 power law relationship, which is important for the further development of (ntype) OTE as it sets stringent boundary conditions to the attainable PF and ZT as will be shown below. Surprisingly, for n-type OTE the quasi-universal power law is shifted to higher conductivities by around 2 orders of magnitude as compared to p-type, which we rationalize in terms of a higher (effective) attempt-to-hop frequency. As such, n-type OSC might have a potential to achieve high ZT than p-type OSC. In particular, our model indicates that ZT→1
should be a realistic target for n-type OTE.
The materials in this study are displayed in Figure 1 along with their relevant energy levels.
PCBM is selected as a well-studied model system with a relatively high electron mobility that is readily doped by N-DPBI upon mild annealing, cf. the PCBM LUMO and the N-DPBI singly occupied molecular orbital (SOMO) levels -the latter is formed upon deprotonation during annealing. [13] To overcome the drawbacks of bulk doping, in which the semiconductor and the dopant are mixed in a common solution which tends to compromise morphology and thereby conductivity, [6, 14] we used a simple solution-based method by depositing the PCBM film on a previously cast dopant (N-DPBI) film. We developed the 'inverse-sequential doping' method since normal sequential doping led to the PCBM film dissolving in the N-DPBI solution. [14] For comparison, we also fabricated devices using conventional bulk doping. Further details are given in the experimental section.
The electrical conductivity and Seebeck coefficient have been investigated and the results are shown in Figure 2 . For pure PCBM bulk doped with 5 wt.% N-DPBI in solution, we achieve a conductivity  6 S/m, and a corresponding S 730 µV/K. For inverse-sequential doping, we find a conductivity over 40 S/m and S 860 µV/K. Hence, by depositing the PCBM film on pre-cast N-DPBI film, the method of inverse sequential surface doping can achieve significantly higher conductivities than bulk doping; the change in thermopower is comparable to the sample-to-sample variation as shown by the error bars.
Adding significant amounts of heterogeneous 'guest' species to a common casting solution, as done in bulk doping, is known to compromise the morphology of host compounds that are well ordered in their pure state. [14] We therefore attribute the increased conductivity, and virtually unaltered thermopower, of the inverse-sequentially doped samples to a better morphology that effectively leads to faster transport while the energetics, that determine the thermopower, are largely unaffected. [6, 17] In terms of the simple model that is discussed below, the effect of the improved morphology would be mapped on the (increased) attempt to hop frequency, which increases conductivity while leaving the thermopower unaffected. The mentioned values combine into a maximum PF ≈ 35 µW/m·K -2 (average PF, 30±5 µW/m·K -2 ), which is among the highest n-type power factor that has been reported for solution processed OTE.
In our previous work we have shown that density of states (DOS) engineering can be used to boost the thermopower of p-type OTE. [18] This is relevant to low-power, low-cost systems, where voltage and price are more important than power, e.g. in thermometry or to supply an autonomous sensor or a reflective LCD display with electricity. [18] [19] [20] Specifically, we add lower-LUMO material, NDI-CN [21] , into the PCBM solution, causing the formation of a second 'trap' maximum in the electron density of states, cf. Figure 1 . Since the LUMO of PCBM sits at about -4.0 eV and the LUMO of NDI-CN at -4.6 eV, we estimate a trap state that in this case sits some 0.6 eV below the DOS maximum that is associated with PCBM. [21] When energetics and concentrations are properly optimized, this causes the Fermi level to sit on the guest-part of the DOS whereas the transport energy remains on the host-part. This leads to a strong increase in S, albeit at the cost of a lower conductivity. [18] Indeed, we observe an overall decrease in conductivity with increasing NDI-CN fraction in Figure 2a , b that is accompanied by an obvious peak in S for inverse-sequential doping at 1 wt.% NDI-CN.
Surprisingly, a negligible increase in S occurs at the same concentrations for bulk doping. The highest observed S ≈ 1400 µV/K (average S = 1318±90 µV/K) corresponding to a PF ≈ 5 µW/m·K -2 as shown in Figure 2b .
To identify a possible cause for the pronounced difference in thermopower between inversesequential and bulk doping for PCBM:NDI-CN blends we inspected the film morphology by atomic force microscopy (AFM) as shown in Figure 3 . We found that the morphology of PCBM:NDI-CN became distinctively different, depending on the NDI-CN concentration and the doping method, as also illustrated in the bottom insets of Figure 2 . Figure 3 shows a pronounced phase separation beyond 1 wt.% NDI-CN in the case of reverse-sequential doping, whereas the phase separation is suppressed, i.e. converted into a smooth morphology, when 5 wt.% N-DPBI is added to the PCBM:NDI-CN solution as bulk doping. Although the peak in S occurs at 1 wt.% NDI-CN, at which neither the reverse-sequential nor the bulk doped film shows signs of phase separation, this observation highlights, again, the need for accurate morphology control. In contrast to the case of a single doped OSC, where quantitative differences in predominantly the conductivity where found for different morphologies, we find qualitative differences for our blended OSC. We speculate that different degrees of NDI-CN aggregation, possibly in combination with associated shifts in energy levels, are the reason for the observed differences. We reiterate that NDI-CN is not acting as dopant but as DOS-modifying agent and that the mechanism by which it affects conductivity and thermopower is therefore a fundamentally different one than for dopants.
The connection of the above with morphology will be topic of future work.
To investigate the power law for both p-and n-type OSC, we developed a simple analytical model based on variable range hopping in a Gaussian disordered OSC. [22, 23] The thermopower S is then to good approximation given by = ( − )⁄ with the Fermi energy, the transport energy and T the temperature. The model was used to calculate both thermopower and conductivity as a function of relative (to the total DOS) doping concentration c (c = 1×10 -6 -1×10 -1 ). The results are plotted as thermopower vs. conductivity parametric in the attempt to hop frequency (ν0) ranging from 5×10 10 s -1 to 5×10 13 s -1 (solid lines), and compared to the experimental data (dots) in Figure 4 . All gray dots for p-type data and the dark yellow dots for n-type data have been measured in our group. We found that most of the p-type data are well described by the calculations when using a ν0 in the range 5×10 10 s -1 -5×10 11 s -1 . Interestingly, for n-type data good agreement is found with the same model parameters except for a ν0 that is two orders of magnitude higher, i.e. 5×10 12 s -1 -5×10 13 s -1 , with the experimental data from inverse-sequential doping (dark yellow dots with red circle) sitting at higher ν0 than those of bulk doping. We note that the n-type data from
Ref. [16] are an exception to this rule and coincide with typical p-type data, see SI Figure S1 .
As a deviating dopant (TDAE) is used in this work and one of the polymers used, N2200 or P(NDI2OD-T2), also appears in the data following the ν0 = 5×10 12 s -1 model curve, we attribute this exception to (morphological) problems associated with the particular dopant TDAE.
Hence, also the n-type OTE seem to follow the quasi-universal -1/4 power law relationship, but shifted to higher conductivities by around 2 orders of magnitude. A graph with more experimental data from literature embedded is shown in the Supporting Information (SI). In view of the general perception of n-type OSC performance being less than that of p-type, the data in Figure 4 may seem surprising.
The physical meaning of the key parameter ν0 is that of an attempt to hop frequency, which in the used Miller-Abrahams expression for the hopping rate is equal to the rate of energetically downward hops. [24, 25] Hence, irrespective of the precise meaning of ν0, the implication of the findings in Figure 4 is that n-type OSC might eventually become superior to their p-type counterpart if one succeeds to reach the end of the model curves in Figure 4 , i.e. reach a relative doping concentration 10% without compromising morphology.
To estimate the application potential for n-and p-type OSC in organic thermoelectric generators, we made contour plots of S vs.  for constant ZT from 0.001 to 1, following the definition of = 2 . Here, the thermal conductivity = + , with the electronic contribution to κ that is described by the Wiedemann-Franz law as = ( ⁄ ) 2 , where kB is the Boltzmann constant, q the elementary charge, and L the dimensionless Lorenz factor;
For simplicity, we take = 0 , with 0 = 2 3 ⁄ the theoretical Sommerfeld value for a degenerate Fermi gas. [26] The lattice thermal conductivity was taken constant at 0.2 W m -1 K -1 .
[27] Figure S2 shows κ vs. . The resulting plots of S vs.  are shown in Figure 5 as dashed lines; the solid lines represent the calculated results from Figure 4 . The data in Figure   5 indicate that typical chemically doped p-type OTE, for which the thermoelectric data sit around or below curves with ν0 = 5×10 11 s -1 (Figure 4 and S1), have a low potential for use in actual TEG as witnessed by a ZT < 0.01. The notable exception is (oxidatively doped)
PEDOT-Tos, as shown by the gray dot in Figure 5 . [5] Note that the measured ZT ≈ 0.25 is in good agreement with the estimate on basis of the contour lines in Figure 5 .
For n-type OTE, most data for bulk doping sit around curves with ν0  5×10 In conclusion, we developed a simple solution-based inverse-sequential doping method to achieve high conductivity while preserving a high Seebeck coefficient for the prototypical ntype organic semiconductor PCBM, and obtained a very high power factor PF ≈ 35 µW/m·K -2 . Although this was not explicitly investigated, the inverse-sequential doping method should be rather generally applicable and loosen the constraints in terms of solvent orthogonality on material systems to be used in low-cost all-solution based device fabrication. With 1 wt.% of NDI-CN added into the N-DPBI doped PCBM, we achieved a highest S around 1400 S/m while maintaining a PF ≈ 5 µW/m·K -2 , confirming the general applicability of this facile method to enhance S. A simple analytical model was used to unify the thermopower and conductivity of both p-and n-type OTE, and we found good consistency between the experimental data and our calculated curves. We found that most p-type data are described well by the model using an attempt to hop frequency ν0 around 0.5-5×10 11 s -1 , whereas ν0 around 0.5-5×10 13 s -1 is required for n-type data. The implication of this finding is that n-type organic semiconductors seem to have more potential to eventually achieve high thermoelectric figures of merit ZT→1 than p-type materials.
Experimental Section
Materials: [6, 6 ]-Phenyl-C61-butyric acid methyl ester (PCBM) was purchased from 1- Sample stability: fabricated samples were found to have a stable power factor on the time scale of at least a week when kept under glove box conditions. Exposure to ambient air and light leads to a loss in conductivity by 1-2 orders of magnitude in a few hours.
Atomic force microscope (AFM) measurement: AFM images were measured by a Veeco
Dimension 3100 with the films prepared as above.
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Using inverse-sequential doping a very high thermoelectric power factor of 35 µWm -1 K -2 is obtained for an n-type organic semiconductor. Adding a small fraction of low-LUMO guest material can significantly increase thermopower, depending on morphology. Both pand n-type organic thermoelectrics follow a quasi-universal power law between thermopower and conductivity, with the n-type curve shifted to higher conductivities by two orders-ofmagnitude. orange dots are for n-type OSC. Light grey dots are p-type data as assembled in Ref. [3] of the main text; dark grey data are from our own lab. The open orange symbols are n-type data from Ref. [16] . Note that the same polymer N2200 also appears in the closed light orange dataset, suggesting a problem with the TDAE dopant used. orange dots are for n-type OSC. Light grey dots are p-type data as assembled in Ref. [3] of the main text; dark grey data are from our own lab. The open orange symbols are n-type data from Ref. [16] . Note that the same polymer N2200 also appears in the closed light orange dataset, suggesting a problem with the TDAE dopant used. 
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